GHz) for the infrared radiation were obtained.
Introduction
Optical communications and metrology (precise interferom− etry, holography) require compact, stable, single frequency and narrow linewidth laser sources with an output power at the level of tens of mW or even higher. These lasers should also be characterized by a compact and simple design, a low power consumption and a reasonable price [1] . The above requirements can be met by single−mode microchip lasers. However, in the case of solid state lasers, especially those with a higher harmonic generation, there are two major problems: forcing a single frequency operation and a simple control of the laser wavelength. Several descriptions of vari− ous ways to obtain a single frequency operation of the laser can be found in the literature, but there is still a lack of reports about the simple wavelength scaling [2, 3] . Control of the wavelength of a laser usually requires the application of the frequency standard -an element which is the fre− quency discriminator for laser radiation [4, 5] . It usually increases the cost and complicates the construction of a laser source. The article focuses on presenting a simple method of control and stabilization of the wavelength of a solid state, second harmonic generation (SHG) microchip laser without using any additional external components. The main purpose of this paper is to present the new methodol− ogy of the subjugation of a laser wavelength of a solid state laser based on a "Lyot comb" tuning.
Microchip laser with the Lyot filter
Because of the length of the resonator, most solid−state lasers operate in a multi−mode regime. This is because the mode spacing is very small compared to the gain−bandwidth of the laser. When the microchip laser operates at the basic wave− length (for example Nd:YAG at 1064 nm) the power fluctua− tion is at a relatively low level. This situation is quite different when the laser oscillates at a second harmonic generation SHG. This is because both the second harmonic generation (doubling the frequency of one longitudinal mode) and the sum frequency generation (adding the frequencies of two dif− ferent longitudinal modes) are possible. Sum frequency gene− ration couples individual longitudinal modes and, thus, allows for a direct dynamic interaction between the longitudinal modes. This phenomenon is well−known as green noise. To eliminate this problem, a single−frequency operation is re− quired. One of the most interesting techniques is associated with the concept of using the Lyot filter [6, 7] . The idea of a microchip laser with an internal nonlinear crystal and Lyot filter is shown in Fig. 1(a) . For stable conditions (temperature, KTP (KTiOPO 4 ) length and state of polarization) the round trip of the beam passing through a birefringent crystal gene− rates the same polarizations without any losses -the Lyot filter acts as a multiplication of a half−wave plate. Hence, the confi− guration with the Lyot filter forces a single frequency operation. For every other condition, the polarization does not match its input state and the Brewster plate introduces losses.
Thus, a created Lyot filter has a periodical spectral char− acteristic [ (Fig. 1(b) ] with the maxima spaced by Dn FSR
where: Dn = 0.0844 is the natural birefringence of KTP, l KTP is the geometrical length of KTP. To obtain the single−fre− quency operation the Dn FSR should be larger than the gain− −bandwidth of the medium which is about Dn G = 159GHz (0.6 nm) for Nd 3+ :YAG. To meet these criteria, the length of the KTP should be shorter, thus
In this case l KPT is calculated to be shorter than 11 mm. We have chosen 5 mm according to the above condition and taken into account the SHG efficiency. A double−pass through the KTP yields the phase shift f(DT) between ordi− nary and extraordinary waves, which is given by Ref.
where: dn z /dT = 1.6·10 -5 C -1 , dn y /dT = 1.3·10 -5 C -1 are the thermo−optic coefficients for the z and y axis (extraordinary and ordinary rays) of the KTP crystal, a is the thermal ex− pansion coefficient along the optical axis. We, therefore, obtain the thermal tuning range DT of the Lyot filter (l KTP = 5 mm), that is DT = 19°C. The change of temperature gives the possibility to select one longitudinal required mode. The temperature rise DT q required for the tune (mode−hop) be− tween the two neighbouring longitudinal modes is given by
In this case DT q = 0.41°C. To eliminate frequency mode− −hopping at the laser, the temperature change has to be lower than DT q .
Idea of stabilization of a single-frequency operation
The main disadvantage of lasers with a Lyot filter (besides the lack of ability to perform continuous single−frequency tuning) is the need to stabilize the operating point. Other− wise, the operation of the laser is unstable (output power fluctuation, uncontrolled mode−hopping). Typically, the wavelength of such lasers is passively controlled by chang− ing: the temperature of the laser [4, 8] or the voltage applied to the birefringent crystal [9, 10] . This solution is not able to compensate for other factors affecting the operating point, such as the changing of pumping power. Moreover, it does not allow easy pre−selection of the desired wavelength. The motivation for us was to build a system with a simple soft− ware wavelength scaling and an active correction of the operating point of the laser with the Lyot filter. During a retuning of the laser with the Lyot filter (a jump from one mode to the next), we observed minima in laser output power due to the losses introduced by the Lyot filter in the laser resonator cavity. This effect was used as the method of subjugation of the laser wavelength. Our idea was based on a measurement of the losses introduced by the Lyot filter at 1064 nm inside the cavity of the laser [( Fig. 2(a) tremes of the laser output power [(in this case the residual radiation at a wavelength of 1064 nm - Fig. 2(b) ] as a mea− sure of the assessment of the Lyot filter tuning to a required laser mode. Since the sensitivity of retuning the laser longi− tudinal modes and retuning the Lyot filter are different, the control of the losses introduced by the filter or the laser output power, therefore, allows for the subjugation of the wavelength. Both solutions should theoretically give the same effect. However, from a practical point of view in further experi− ments a configuration with a laser output power control (a simpler design of the laser) was used to develop the stabi− lization system. Nevertheless, the principle of operation described below refers to both cases. The laser stabilization procedure begins with the initiation of the system (Fig. 3) . In the first step, the ranges of a single−frequency operation have to be established and the terminal temperatures T 1 and T 2 of this range must be specified.
Temperatures corresponding to the ends of single−fre− quency operation ranges are entered into the system. Then the laser is automatically, slowly thermally swept within this range. The control system monitors the power on a photo−diode and stores the instantaneous values of temper− ature. After this, depending on the system configuration sets, the minima or maxima obtained function counts the numbers of laser modes and sets on the first of them. The operator introduces the corresponding wavelength read from an external spectrum analyser. Next, the system tunes the laser to the last mode. The corresponding wavelength is entered again [ (Fig. 3(a) ]. The system, on this basis, calcu− lates the wavelengths of the laser for each other mode. The operator chooses one of the available wavelengths and the system automatically sets the required temperature of the laser. After reaching the desired temperature, the system again controls power and adjusts the optimal temperature to obtain the maximum of the Lyot filter. If the much higher accuracy of temperature control, than the temperature rise DT q required for the tune (mode−hop) between the two nei− ghbouring longitudinal modes will be provided, the proce− dure of the initiation of the laser is carried out in practice just once, at the beginning -for a particular model of the laser (with a particular length of birefringent crystal -KTP). This makes the method very useful.
Experiment
According to our primary estimation we built the compact configuration of a microchip laser with the Lyot filter based on Nd:YAG and KTP crystals with the Brewster plate between them [11] . Figure 4 illustrates the drawing com− pound and photos of the device.
For 1 W pumping power, we obtained up to 50 mW of the output power at 532 nm and about 4 mW residual power at 1064 nm. The infrared radiation was used both to investi− gate the spectral structure of the laser ( mode. The green beam, directly connected with the first har− monic, has an identical mode−frequency structure, which is scaled to 532 nm. Changing the temperature of the laser by an amount of about DT = 0.4°C causes mode−hopping into the next single frequency mode [ (Fig. 5(b) ]. These results are in good agreement with the calculations. Using this laser, the experimental stabilization system was developed according to the concept presented in Fig.  2(b) . The main unit of the driver was built on an ATmega 32 microcontroller. As a power amplifier a pulse−width modu− lation (PWM) bridge (TPIC0107B) was used. A block dia− gram of the stabilization system is shown in Fig. 6(a) .
The most serious practical problem with regulation is the choice of type; thereafter, the optimal attitude control of the process or device [12] . In the developed device a dis− crete proportional integral derivative (PID) algorithm was implemented [ (Fig. 6(b) ]
where: e(z) is the discrete value of the input signal, u(z) is the discrete value of the output signal, z is the discrete step at the time t. K I is the constant of the integration part, K D is the constant of the derivative part, K P is the constant of the proportional part, T S is the inertia constant of the stabilized system. Thermal tuning of the laser should be sufficiently slow to limit the rapid changes in temperature gradients which affect the laser resonator alignment. After this an experi− mental selection of the optimal constants of the PID control− ler -a relatively good time to reach the desired temperature (~250 s measured for temperature changes 4°C) at both high temperature stability (0.04°C) − was obtained (Fig. 7) . Ulti− mately, we intend to improve the temperature stability of an order of magnitude (< ±0.005°C).
To obtain a correctly operating system for different val− ues of the maximum output power (for different values of pumping power), sensitivity and the characteristics of the photo−detector circuit must be properly optimized. Figure  8(a) shows the signal proportional to the laser output power (output signature of the laser) during thermal tuning in the temperature range of 22°C to 32°C. Lack of the regularity of successive peaks is due to the fact that the change of temper− ature DT was not exactly a sub−multiple value of the temper− ature DT q required for the laser tune (mode−hop) between the two neighbouring longitudinal modes, which does not really matter. In order to check the single frequency opera− tion range and to calibrate the stabilization system, a spec− tral mode structure of the designed laser at the fundamental wavelength, 1064 nm, was investigated [ (Fig. 8(b) ]. This allowed determination of two temperatures (24°C and 30,4°C) corresponding to both extreme modes of the single frequency operation range, respectively: 1064.268 nm and 1064.763 nm.
Temperatures were entered into the controller. Follow− ing this, the laser was automatically, slowly thermally swept within this range. The stabilization system monitors the laser output power (@ 1064 nm) on a photo−diode and stores the instantaneous values of temperatures. After counting the number of laser modes (at the specified tem− perature range), the system sets on the first of them. The operator introduces the corresponding wavelength, read from an external spectrum analyser [ (Fig. 3(a) ]. Then, the system tunes the laser to the last, single mode. The corre− sponding wavelength is entered again. On this basis the sys− tem calculates the wavelength for each other mode of the laser. In the analysed case, 15 values of wavelength spaced about 32 pm (~7.9 GHz), for infrared radiation, were ob− tained. The green beam, directly connected with the first harmonic is scaled by a factor of two. The system was ready for stabilization. The operator can choose one of the ava− ilable wavelengths and then the system automatically sets the required temperature of the laser. After reaching the desired temperature, the system again controls the power on the photo−diode and adjusts the temperature to obtain the maximum of the Lyot filter.
Besides the designated range, the laser operates in two modes [ (Fig. 9(a) ] [4] . This is because the Lyot filter simulta− neously selects two modes (double~2.4 nm and triple~3.6 nm period of the Lyot filter) -one from the 1061.6 nm band and the second one from the 1064.3 nm band of the gain curve of the laser [ (Fig. 9(b) ]. The next stage of research will be the construction of two twin systems for the stabilization of two lasers. By heterodyning, it will allow for the determi− nation of the frequency stability of stabilized lasers.
Conclusions
In this paper the new methodology of the subjugation of a laser wavelength of the single frequency solid state laser Nd:YAG/KTP with the Lyot filter was presented and the ex− perimental verification of the proposed method was carried out. The idea presented is based on a measurement of the losses introduced by the Lyot filter inside the laser cavity, or the maximums of laser output power as the measure of as− sessment Lyot filter tuning to a required laser mode. This method allows for the synthesization of the selected wave− length from the spectrum range of the gain curve of the laser with the period determined by the "Lyot comb". In the de− veloped system 15 values of wavelength spaced at about 32 pm (~7.9 GHz), for the infrared radiation, were obtained. Temperature stability at the level of ±0.04°C, significantly higher than the temperature DT q = 0.4°C is required for the laser tuning (mode−hop) between the two neighbouring lon− gitudinal modes, this requires, in practice, a single calibration procedure of the system. This makes the method very useful.
